Iodization of rf sputter induced disordered Ag thin films reveals volume plasmon-exciton "transition"
The control of light-matter interaction at the nanoscale dimension has attracted a considerable interest in recent years. This is due to the fundamental interest, e.g., spectroscopy and nonlinear optics, and the practical interest, e.g., light emitting diodes and solar cells. [1] [2] [3] [4] [5] [6] The interest has been mainly fueled by the recent advancements achieved in nanoscale fabrication and chemical synthesis of metallic nanostructures-supporting surface plasmon polaritons (SPPs)-and semiconductor nanostructures-supporting excitons-with a very high degree of structural precision and accuracy. SPPs guide and manipulate light on the nanoscale. On the other hand, electronic excitation in semiconductors generates excitons. The hybrid metal-semiconductor nanostructure is formed when metallic nanostructures are carefully brought into physical contact in an appropriate condition with the semiconductor nanostructures leading to appealing, tunable optical properties. Up until now, coupling between SPPs and excitons extensively studied by many groups has resulted in light-matter coupling regimes ranging all the way from weak-coupling to ultrastrong-coupling. [7] [8] [9] [10] [11] In the weak-coupling regime where damping rates of plasmon and exciton prevail over plasmon-exciton coupling parameter, the wavefunction of the excitonic system is slightly modified or not altered resulting in modification of absorption or emission properties of the semiconductors. Therefore, in this regime, no new optical modes are generated. However, in the strong coupling regime where the plasmon-exciton coupling parameter now prevails over damping rates results in formation of polariton states. Consequently, these new states show two polariton branches called a lower polariton branch (LPB) and an upper polariton branch (UPB). The branches are separated by an energy value called Rabi splitting energy, which is an indicator of the plasmon-exciton interaction strength. It is defined as
, where hX R is the Rabi splitting energy, V is the coupling parameter, c spp is the line width of the SPPs, and c x is the linewidth of the excitons. Strong coupling has been observed, for example, in optical microcavities, 1 in a variety of metal nanostructures, and metal thin films in various configurations. In this regime, the hybrid structures show half plasmon-like properties and half exciton-like properties. Large oscillator strength of organic semiconductors and large electric field localizations of plasmonic nanostructures are the main reasons for the observation of strong coupling. Surprisingly, when the Rabi splitting energy value is greater than 15% of the molecular transition energy, a completely new regime called ultrastrong-coupling regime is reached. 7 Recently, ultrastrong coupling has been observed in a hybrid nanostructure of J-aggregates (JAs) self-assembled on metal nanoprisms, 9 and also in single nanoparticle level. 10 In the ultrastrong light-matter interaction regime, it is possible to greatly modify and tune the optical properties of the matter. For example, the absorbed energy can be exchanged reversibly and coherently between the plasmonic and excitonic modes in the excited state many times before the coupled hybrid system decays back to its ground state. 11 Therefore, a lot of efforts have been recently devoted to understand energy transfer mechanism in this regime. The dynamics of the energy exchange has been extensively studied in a variety of configurations. [12] [13] [14] [15] [16] For example, exciton-photon coupling dynamics has been studied in optical microcavities. 16 The hybrid nanostructures of Au-nanoshell-JA have been used to study the dynamical behavior of the coupled system. 15 The coupling between the excitons of CdSe nanocrystals and SPPs has been studied by transient pump-probe measurements. 17, 18 In this Letter, we report on the ultrafast energy transfer in metal-organic hybrid nanostructures [ Fig. 1] . The system provides a unique configuration to probe the ultrastrong coupling regime because the hybrid system does not contain any uncoupled Ag nanoprisms or JAs. We extensively study the energy transfer dynamics in the ultrastrong coupling regime. Hybrid system has the following properties: (1) The plasmon resonance of the nanoprism can be easily tunable. (2) JAs selectively self-assemble on the Ag nanoprisms and free dye molecules are removed by centrifugation. Most of the previously studied plexitonic systems concurrently contain bare and coupled molecules in the medium making the energy transfer mechanisms particularly difficult to interpret. (3) The hybrid nanostructure exhibits very large Rabi splitting energies because of the high oscillator strength of JAs and very high electric field localization emanating from the sharp corners of the metal nanoprism.
The Ag nanoprisms have been wet chemically synthesized. 9, [19] [20] [21] [22] We used a cyanine dye 5, 5 0 , 6, 6 0 -tetrachlorodi-(4-sulfobutyl) benzimidazolocarbocyanine (TDBC) forming JAs at high concentration as the exciton source. The hybrid nanostructure of the Ag nanoprism-JA is formed by selfassembly of the dye molecules on the Ag nanoprism surfaces and thus conformal coating of the nanoprisms can be achieved. 9, [23] [24] [25] This simple synthesis of Ag nanoprism-JAs hybrid nanostructure is highly reproducible allowing preparation of high quality hybrid nanostructures for plasmonic applications. 9 Transient absorption measurements were carried out with femtosecond temporal resolution using a femtosecond pump-probe method [ Fig. 1 ] utilizing Ti:sapphire laser amplifier-optical parametric amplifier system (Spectra Physics) with 44 fs pulse duration and 1 kHz repetition rate. Commercial pump-probe experimental setup with whitelight continuum probe beam (Spectra Physics) was used. Experiments were performed in transmission geometry and at 0.25 lJ/cm 2 pump fluencies. Pulse duration is 100 fs. According to our sign convention, a positive sign of pumpprobe data (DT/T) corresponds to a decrease of transmission (excited state absorption (ESA)), whereas a negative sign of DT/T corresponds to an increase of transmission (bleach signal).
We measured the ground state extinction spectra of the Ag nanoprisms [ Fig. 2(a) ], the JAs [ Fig. 2(b) ], and the hybrid nanostructures [ Fig. 2(c) ]. Similarly, extinction spectra from the individual silver nanorods coated with dye molecules have been previously shown. 26 After self-assembly of the dye molecules on the surface of the Ag nanoprisms, 9 the color of the hybrid system turns into purple [ Fig. 2(c) ] due to quenching of the plasmon resonance peak-a dip in the spectrum-located at the exciton resonance energy level. 27 Then, we measured the transient absorption spectra (DT/T) of the Ag nanoprism [ Fig. 2(d) ], the JA [ Fig. 2(e) ], and the hybrid nanostructures [ Fig. 2(f) ]. The spectra of the Ag nanoprisms show a typical absorption decrease at highenergy side of the in-plane dipole resonance band but absorption increase at the low energy side. Previously, the same feature has been observed in the Ag nanoprisms and attributed to a red-sifting of the dipole resonance band. 28 The spectra of the JAs also show typical features as previously observed. 29 The positive absorption peak corresponds to the excited state absorption from one-exciton to twoexciton states; however, negative absorption signal corresponds to the ground state bleaching and stimulated emission. In a similar way, representative transient absorption spectra of nanoprism-JA are shown in Fig. 2(f) ground state absorption spectrum shown in Fig. 2(c) , the plasmon band has been quenched at the position of the exciton resonance energy value.
To understand the effect of the coupling strength on the dynamics of ultrafast energy transfer, we have prepared several nanoprism-JAs samples yielding plasmon resonance between 1.75 and 2.75 eV. While Fig. 3(a) shows the linear absorption spectrum, Figs. 3(b) and 3(c) show representative transient absorption spectra for various time delays pumped in the UPB at 532 nm and in the LPB at 621 nm, respectively. The pump signal promotes electrons/holes to the high energy states, and time-delayed probe signal measures how the transmission varies as a function of the delay between the pump and probe signals. Transmission pump-probe spectra show bleach signals (negative absorption) at around 525 nm and 625 nm wavelengths along with a positive signal between two bleach signals regardless of the pumping wavelengths. Observed bleach signals at 525 and 625 nm wavelengths originate from the hybrid states observed in the linear absorption spectrum [Figs. 2(c) and 3(a) ]. In a previous study, pump-probe measurements on similar coupled systems show only positive signal and bleach signal on the lower energy side of the positive signal. 30 The fact that both bleach signals appearing simultaneously in the pump-probe data is due to the ultrastrong coupling and the lack of the bare JAs and nanoprisms in our samples. Bleach signals appearing at zero pump and probe time delays for both UPB and LPB are the indication of the coherent energy exchange between excitons and plasmons. Previously, the positive signal is assigned to ESA. 15, 30 The clear ESA signal among bleach signals is composed of two peaks varying in magnitude with the time delay as it has also been recently observed. 30 The fast and the slow components of this signal can be attributed to ESA from plasmons and also ESA from one-exciton to two-exciton state transitions, respectively. 15 The other possibility for the positive signal is the temporary electron transfer from the dye molecules to the metal nanoparticles. In this sense, the coupling strength decreases because of the decrease in the number of excitons, leading to evolution of the center positive signal. However, according to previous works, this process is faster than 50 fs. 18 The time resolution of our experimental setup is 100 fs. Therefore, we may not be able to see electron transfer contribution to the positive signal. Surprisingly, another bleach signal appears at 550 nm within 100 fs only for LPB [ Fig.  3(c) ]. Similar mixed, complex transient bleach signal appearing at earlier times has been recently observed for the coupling of JAs excitons and Au nanoshells plasmons. 15 It has been attributed to the strong modification of the excitonic states due to the strong coupling. 15 It is also known that strong coupling results in shifting and splitting of exciton energy levels. 31 Therefore, the observed extra bleach signal indicates that SPPs and excitons interact strongly and coherently in sample II. The lifetimes of the decay curves of the upper energy bleach signals (525 nm) for UPB and LPB pumping [ Fig. 2(d) ] are almost the same (1.5 ps). However, the lifetime of the decay curves of the lower energy bleach signal (625 nm) is shorter for UPB (2 ps) than LPB (12 ps). This is due to the nonradiative energy transfer from the UPB to the LPB. In order to understand the energy transfer dynamics as a function of plasmon resonance, we measured the transmission pump-probe spectra of the samples having varied Ag nanoprism sizes [ Fig. 4(a) ]. As the plasmon mode is tuned closer to the exciton mode, the ultrastrong-coupling is observed [ Fig. 4(b) ]. When the two modes are on resonance, the upper and lower polariton modes yield equal intensities. Hybrid nanostructure shows coherent polaritonic modes formed along UPB and LPB only for a limited Ag nanoprism size range [ Fig. 4(b) ]. In fact, the coupling strength depends on the exciton damping and the plasmon damping. [31] [32] [33] The coupling strength reduces for the smaller and larger Ag nanoprism sizes and thus the coherency sharply decreases [ Fig. 4(b) ]. Figs. 4(c) and 4(d) show the spectra of the UPB and LPB at zero pump and probe time delays, respectively. The spectra show that the observed shift of UPB and LPB to higher energy levels in different samples provides shifting the whole pump-probe spectra to higher energies. However, due to the coherent coupling observed, sample II exhibits larger bleach and transient absorption signals than other samples for both pumping energies. Large energy separation between the two peaks within the ESA signal for sample III allows comparing these peaks for UPB and LPB. Comparison reveals that while faster component of ESA signal at lower energy is larger for LPB, slower component of ESA signal at higher energy gets larger for UPB. In another words, while ESA of plasmons is dominant for LPB, ESA between one-exciton to two-exciton states gets larger for UPB. Since UPB pumping causes larger bleach signal at longer wavelength and increased ESA, double peak of the transient bleach signal at longer wavelength side seen for LPB does not appear for UPB. Splitting of higher energy bleach signal is due to the large coherent coupling. On the other hand, coupling strength also affects the lifetime of the bleach signals. Figure 5 shows the time evolution of the bleach signals. The lifetimes of the upper bleach signal and lower bleach signal become longer for the sample with the stronger coupling strength (sample II). In the strong coupling regime, electron oscillates between dye's excitons and metal's plasmons. Since this process is shorter than the time resolution in our experiments, this process does not affect the decays of the bleach signals. Therefore, sample II has the longest lifetime due to the largest coupling strength. Since sample I has the lowest coupling strength, decaying electron from excited state may not oscillate back and therefore, excited state population may decrease faster than that of sample II. Based on the experimental findings, schematic energy diagram of the hybrid system can be represented with the energy diagram of strongly coupled system that has been observed recently, experiments reveal dynamics of the energy transfer in the ultrastrong coupling regime. We observed that the lower polaritons are long lived, whereas the upper polaritons are short lived due to the radiationless transitions from the upper polariton branch to the lower polariton branch. Pumping the hybrid sample at the UPB or LPB wavelengths does not make significant differences because the hybrid system shows half-plasmon-like and half-exciton-like properties. Furthermore, the tunability of nanoprism plasmon resonance allows us to study energy transfer dynamics in a broad range of wavelengths. The results would be interesting to understand energy transfer dynamics at the nanoscale dimension and boost the performance of the plasmonic devices and systems.
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